We have fabricated surface-modified paclitaxel nanowires (SM-PNs) with a precise diameter and an average length of 50 μm. The surface of these nanowires is coated with a monolayer of octadecylsiloxane (ODS), which prevents aggregation and enhances dispersivity in aqueous media. This system constitutes a novel drug delivery vehicle based on one-dimensional (1D) nanostructures with a large drug to vehicle ratio. We assayed the cytotoxicity of different diameter 80, 35 , and 18 nm) with U937 cells and compared their activity to microcrystalline paclitaxel. SM-PNs reduced U937 cell proliferation in culture followed by cell death. For the same amount of paclitaxel, different diameter SM-PNs displayed different cytotoxic effect at the same incubation time period. SM-PNs with 35 nm diameters were the most efficient in completely halting cell proliferation following the first 24 hours of treatment, associated with 42% cell death. SM-PNs with 18 nm diameters were least effective. These SM-PNs can be tailored to fit a certain treatment protocol by simply choosing the appropriate diameter.
Introduction
Many promising anticancer drugs have very low solubility in aqueous and biological media [1, 2] . Low water solubility translates to low bioavailability, which is the "end game" for any novel drug under development [3] . Progress in the field of nanoscience coupled with developing new materials for drug delivery "vehicles" has revived great interest in these drugs by providing a pathway to increase their bioavailability, [4] [5] [6] [7] [8] [9] thus making them commercially viable. The widely used anticancer drug paclitaxel [10, 11] (commonly know as Taxol, a registered trademark of Bristol-Myers Squibb) has very low initial water solubility (0.3 μg/mL) [12] despite the presence of several polar functional groups including three hydroxyls. However, this compound is very soluble in organic solvents such as tetrahydrofuran (THF) and dimethyl Sulfoxide (DMSO) making it amenable for nanowire fabrication by solvent annealing inside anodic aluminum oxide (AAO) templates [13] . In order to increase water solubility and bioavailability of paclitaxel, a solubilizing agent is required [12] to encapsulate the drug and disperse it in biological media [14] . Many successful drug delivery vehicle formulations were developed that can incorporate paclitaxel in them prior to in vivo injection. The most commonly used drug delivery vehicle formulation contains chremophor EL, a standard nonionic emulsifier in Paclitaxel chemotherapy [15] . Unfortunately, this vehicle formulation causes anaphylactic shock in some patients [16] . Thus alternative biologically inert vehicle formulations are actively being developed [17] [18] [19] .
A general way of preparing drug filled nanoparticles is to inject an ethanol or chloroform solution of the drug and emulsifier (usually a nonionic polymer surfactant such as polyethylene glycol PEG, or Chremophor EL) in an aqueous saline or buffered media [20] . This spontaneous selfassembly (a bottom-up approach) yields nanoparticles with variable drug loading [21] . The drug is randomly distributed throughout the vehicle matrix [22] (see Figure 1 (a)), along with traces of the organic solvent that fails to evaporate. This nonuniform drug distribution contributes to the burst effect Solid drug core
Figure 1: (a) Drug-loaded nanoparticle with cluster of drug molecules randomly distributed though out the vehicle matrix. Most of the drug is distributed on the surface of the matrix, which leads to the burst effect. (b) SM-PN with an exact diameter and length. The entire drug is located inside the vehicle (ODS shell). The alkyl group R is anchored inside the drug nanowire with the Si-OH sticking out. ODS stands for octadecylsiloxane.
when the nanoparticles are dispersed in biological media [23] . Preparation of these nanoparticles is usually followed by rigorous analysis to determine the drug loading capacity inside the vehicle matrix as well as their size distribution, which in most cases is broad [24] . Unfortunately, this broad size distribution requires the exclusion of sizes above a certain threshold when administering the drug nanoparticles intravenously, contributing to waste of valuable drug.
In a previous paper we fabricated surface-modified paclitaxel nanowires (SM-PNs) using anodic aluminum oxide (AAO) templates coated with a monolayer of noctadecylsilane [25] . The diameter and length of the nanowire depend on the pore diameter and thickness of the AAO template, respectively. After releasing the nanowire by dissolving the alumina template in 20% phosphoric acid/0.4% SDS solution, the surface of the nanowires was coated with a monolayer of n-octadecylsiloxane (see Figure 1 (b)) that prevented paclitaxel agglomeration and precipitation. In this study, we assayed the cytotoxicity of SM-PNs with diameters 200, 80, 35, and 18 nm and 50 μm long on U937 cells. The effect of SM-PNs on cell proliferation and viability was determined by Trypan blue staining. This study is a proof-of-concept that SM-PNs can function as a drug delivery system for water insoluble drugs, while incorporating a nontoxic octadecylsiloxane (ODS) surface coating as the vehicle.
Experimental
2.1. Materials. AAO templates were purchased from two separate sources. Templates with a nominal pore diameter of 200 nm (Anodisc-13) were purchased from Whatman Inc., while precision AAO templates with a narrow pore size distribution (80, 35 and 18 nm) were acquired from Synkera Technologies. All the templates had the same diameter of 1.3 cm and approximate template thickness of 50 μm. noctadecyltrichlorosilane (95%) was purchased from Acros Organics. Paclitaxel (99%) was acquired from the Selleck Chemical Company and used without further purification. All organic solvents were distilled and stored over activated molecular sieves (3Å). SEM measurements were performed using JEOL JSM-6510LV scanning electron microscope. Samples were sputter coated with Pt prior to scanning. Gravimetric analysis was performed using Sartorius SE2 Ultra Micro Balance with 0.1 μg precision. UV-Vis measurements were done using Spectro UV-Vis Double beam (UVD-2950) spectrophotometer from Labomed. The human monocytic cell line (U937) was obtained from Health Protection Agency (HPA), UK. Trypan blue was purchased from Invitrogen, Saudi Arabia. Different diameter SM-PNs suspensions in 20% phosphoric acid/0.4% SDS were stored at −150
• C until further use.
(a) Preparation of SM-PNs: these nanowires were prepared as described previously [25] . The concentration of paclitaxel in the form of SM-PNs was adjusted to 580 μg/mL by adding the appropriate amount of 20% phosphoric acid/0.4% SDS.
(b) Preparation of microcrystalline paclitaxel or free paclitaxel (FT): a solution of paclitaxel in THF (1.8 mg in 100 μL) was rapidly injected into 3 mL of stirred solution containing 20% phosphoric acid/0.4% SDS. The mixture becomes turbid with the formation of a suspension of paclitaxel microcrystals (580 μg/mL).
(c) Scanning Electron Microscopy (SEM): a drop of the paclitaxel microcrystalline suspension was filtered through a 20 nm pore diameter AAO template then washed with 0.2 mL deionized (D.I.) water before air-drying at room temperature. The AAO template/paclitaxel microcrystal residue was fixed on an SEM stub via conducting carbon tape and sputter coated with Pt (∼5 nm thickness).
(d) Fabrication of multilayered ODS shells: an AAO template (Synkera, 80, 35, 18 m) or Whatman (200 nm pore diameter) was sonicated with ethanol then hexane prior to drying in an oven set at 120
• C for 2 hours. The template was placed over a fritted funnel and suction applied. A 5% solution of noctadecyltrichlorosilane (OTS) in hexane was filtered through 0.1 mL at a time followed by 0.1 mL of water-saturated benzene to hydrolyze the Si-Cl bond and form a reactive Si-OH handle. The process was repeated several times till the AAO pores become clogged and the hexane solution wont filter through. The template was air dried, polished with 1500 grit abrasive paper then dried in an oven at 120
• C for 2 hours. The multilayered ODS shells were liberated by dissolving the template in 20% H 3 PO 4 /0.4% SDS. (e) In Vitro assay: human monocytic U937 cancer cells (1.8 × 10 6 /well) were cultured in a 6-well culture plate with 3 mL of RPMI-1640 medium containing 10% fetal bovine serum (FBS), 100 mg/mL of Lglutamate, 100 mg/mL streptomycin, 100 U/L penicillin, and 3 μg of Paclitaxel in SM-PNs (200 nm, 80 nm, 35 nm and 18 nm) or FT suspension in 20% H 3 PO 4 /0.4% SDS. The cells were then incubated at 37
• C for a period of 24 h, 48 h, and 72 h in a humidified atmosphere containing 5% CO 2 and 95% air. For comparison, untreated U937 cells served as a negative control. Each experiment was performed in duplicates. Following washing cells with phosphate buffered saline (PBS, pH 7.4) for two times, a sample cell suspension was mixed with an equal volume of 0.4% Trypan blue to stain nonviable cells [26] . A 10 μL sample was added to the hemocytometer chamber. Cells were then allowed to settle down for 3 minutes before viable and dead cells were then counted using a light microscope. Cells from each SM-PN size were counted three times and the results combined with the duplicate experiment, to give us a total of 6 counts for each SM-PN diameter. (f) UV-Vis measurement of paclitaxel concentration in PBS solution: A templated sample of paclitaxel in AAO was submerged in a vial containing 25 mL of PBS. The vial was placed in a water bath set at 37
• C and slowly agitated for two days. A sample of the buffer solution was measured using UV-Vis every 12 hour. To determine the paclitaxel concentrations from the absorption spectrum, absorption coefficient at the peak of the absorption was taken to be (ε/dm −3 mol −1 cm −1 29 800) [27] at λ max (MeOH)/nm = 227. At the end of the experiment the template was removed, rinsed with distilled water, and dried under vacuum before being weighed using a microbalance. The mass difference was close to 2 μg reflecting the amount of paclitaxel dissolved out from the template into 25 mL of PBS solution.
Results and Discussions
There are several benefits from using nanowires or 1D nanostructures as drug carriers over nanoparticles or 0-dimensional (0D) nanostructures. Nanowires tend to incorporate inside cells more efficiently than nanoparticles [28, 29] . The latter has to deform and squeeze in order to penetrate the cell wall [30] . On the other hand, the large aspect ratio and slender features of the nanowire allows it to swim better and circulate for longer periods in biological media without exclusion from the system [31, 32] . This gave us impetus to design 1D drug nanostructures with large aspect ratios. To the best of our knowledge, there are no reports on the cytotoxic effect of 1D nanostructures (nanowires or nanorods) composed of a solid drug core. Most of the 1D nanostructures used in nanomedicine are based on inorganic or polymer core carriers with drug covalently bonded or adsorbed in the matrix of the vehicle [33] [34] [35] .
As mentioned earlier, the high solubility of paclitaxel in organic solvents makes it amenable to nanowire formation via solvent annealing inside AAO templates with any pore sizes or template thickness. In a previous paper, we employed a stepwise bottom-up approach to fabricate surface-modified paclitaxel nanowires (SM-PNs) using AAO templates with precise pore diameter and template thickness [25] . The size, ratio of surface coating to drug, and shape of the SM-PN were determined accurately using gravimetric methods and electron microscopy (see Figure 2) . The hydrophilic monolayer of ODS is tethered to the paclitaxel nanowire surface through the n-octadecyl end (see Figure 1(b) ). In turn, siloxy end of the ODS layer behaves as a pseudo vehicle which prevents the nanowires from agglomerating and protects the drug from degradation and hydrolysis [25] . These SM-PNs were liberated from the AAO template using 20% H 3 PO 4 in 0.4% SDS. The nanowires are well dispersed in aqueous media such that for the same concentration of paclitaxel, SMPNs with diameter less than 80 nm appear clear because they do not scatter visible light, while microcrystalline paclitaxel scatters light giving a turbid suspension as seen in Figure 3 .
The tethered surface coating of ODS in SM-PNs presents a unique vehicle where the coating does not have to be above a certain critical micelle concentration (CMC) to surround the drug and thus can be diluted without the risk of dissociating from the surface. The ratio of ODS to drug was determined gravimetrically for each SM-PN diameter. The benefits from the stepwise bottom-up templated approach are a typical paclitaxel loading of 75% for a 35 nm diameter SM-PNs. This is not the case with micelleular-, liposomeor polymer-based drug nanoparticles where encapsulation efficiency and drug loading capacity are usually small and variable [36] which can load the biological system with unnecessary vehicle matrix. A major advantage in using SMPNs is the absence of paclitaxel on the surface of the nanowire Figure 1(b) . The stepwise bottom-up fabrication procedure solvent anneals paclitaxel inside the ODS shell which in turn is covalently bonded to the pore surface of the AAO template. After solvent annealing, the drug-laden template can be placed under high vacuum to remove the last traces of the annealing solvent used before dissolving the template.
In Vitro Assay.
In order to test whether SM-PNs retain their cytotoxic potential, we studied the effects of these nanowires on U937 cells. To rule out the cytotoxicity of the ODS layer, empty ODS shells of different diameters (200, 80, 35, and 18 nm) were incubated with U937 cells culture for a period of two days. ODS shells had no effect. However, testing empty ODS shells was problematic because these monolayers are too thin and will collapse once they are released from the template because of their hydrophobic core. Collapsed ODS shells might not reflect a clear evaluation of the ODS cytotoxicity in a nanowire form. Therefore the shells were stiffened by casting several layers of OTS (n-Octadecyltrichlorosilane) inside the shell via multiple dip drying cycles [37] forming a spongy matrix of cross-linked OTS monomers. Experiments revealed that neither the shape (diameter and length) of the nanowire nor the ODS material has any cytotoxic effect on the U937 cells and did not affect the proliferation rate of the cells. The ratio of multicoated ODS shell to U937 cells was as shown in Table 1 . This puts the ratio bellow any cytotoxic limit that may induce necrotic death in cells [38] [39] [40] . The next step was to study the cytotoxicity of different diameter SM-PNs and compare their cytotoxicity to that of free paclitaxel (FT). A bulk suspension of SM-PNs in 20% phosphoric acid and 0.4% SDS was used. On average it requires 5 μL of this suspension to be added to the cell culture, in order to provide 3 μg of paclitaxel. The effect of the tiny amount of Phosphoric acid and SDS on U937 cell proliferation and death was assayed and compared to the untreated U937 culture. Both cell proliferation and cell death were not affected. The added phosphoric acid was neutralized by the culture medium to produce phosphate salts with minimum impact on the cell culture medium pH. Microcrystalline paclitaxel or free paclitaxel (FT) was prepared by rapidly injecting a tetrahydrofuran (THF) solution of paclitaxel in 20% phosphoric acid/0.4% SDS mixture. A visible suspension of microcrystalline paclitaxel slowly materializes over the course of several minutes. An SEM image of the free paclitaxel microcrystals reveals a broad size distribution with mostly spherical shaped microparticles ranging in size from 2 to 0.1 μm in diameter (see Figure 4) .
The SM-PN diameters investigated in this study were 200 nm, 80 nm, 35 nm, and 18 nm. A total of 1.8 × 10 6 U937 cells were incubated with 3 μg of paclitaxel in the form of SM-PNs. The solubility of paclitaxel in pure water is around 0.3 μg/mL [41] , and is significantly reduced to less than 0.1 μg/mL in PBS solution [42] . To confirm this result, templated SM-PNs (200, 35, and 18 nm) were suspended in 25 mL of PBS over a period of 2 days at 37
• C. The amount of paclitaxel released from the template was measured using UV-Vis. In the first 24 hours the amount of paclitaxel released was below the detection limit of the UV-Vis (OD 227 nm < 0.001). After 48 hours the amount of paclitaxel released was around 0.1 μg/mL of PBS solution, calculated from the OD of the solution at 227 nm. In order to get a better estimate of the amount of paclitaxel released, we utilized an ultramicrobalance to gravimetrically determine the amount of paclitaxel dissolved out of the template. The amount of paclitaxel released from the template was ∼2 μg in 25 mL of PBS solution (0.08 μg paclitaxel in 1 mL of buffer). In a different setup we suspended SM-PNs (200 nm diameter) in 25 mL of PBS solution at 37
• C for 48 hours. The mixture was centrifuged to separate the suspended nanowires and the absorption spectrum of the PBS solution collected. The amount of paclitaxel dissolved was calculated to be around 0.11 μg/mL of buffer. Thus it is safe to assume that the paclitaxel inside the ODS shell will have a negligible solubility in the culture media. The ratio of SM-PNs to U937 cells depends on the diameter of the nanowire. Assuming that all nanowires have approximately the same length of 50 μm we calculate the total number of SM-PNs needed to yield 3 μg of paclitaxel in every 3 mL culture of U937 cells ( Table 1) .
As shown in Table 1 , the highest ratio of SM-PNs to U937 cells is still below the cytotoxic limit that may cause cell necrosis [38] [39] [40] . This was also confirmed earlier when we studied the cytotoxicity of multilayered ODS shells. In addition, a large number of cells were used in this study in order to dilute out effects due to the tiny amount of soluble paclitaxel.
In chemotherapy one of the primary goals is to slow down or stop cancer cell proliferation during the early stages of administering the drug. paclitaxel stabilizes tubule polymerization and stops cell division; thus it acts on inhibiting cell proliferation and then inducing apoptosis in cells [43] [44] [45] [46] . In this study, we examined the ability of SMPNs to inhibit U937 cell proliferation. Trypan Blue exclusion test was used to determine cell viability following treatment with SM-PNs. During culture, the cell proliferation rate of untreated U937 cells is almost double every 24 hours, but in the FT sample; cell proliferation was increased by 39% after the first 24 hours. Interestingly, U937 cells treated with SM-PNs had a lower proliferation capacity. The most effective size in inhibiting cell proliferation was the 35 nm (0%) after 24 hours in culture. In addition, this nanowire size caused rapid cell death (42%) after 24 hours in culture. Upon exposure to paclitaxel, U937 cells swell up with the appearance of vacuoles Figure 5 . This is a typical morphology for cells exposed to paclitaxel [47] [48] [49] . During the first 24 hours of incubation, all the paclitaxel samples caused an average of 42% cell death. After 72 hours in culture, SM-PNs of all sizes caused 100% cell death while the FT lingered behind with only 89% cell death ( Figure 6 ). As shown in Table 2 , there is loss in the total number of cells after treatment as a result of cell membrane rupture, a sign of necrotic death [50] . Our results demonstrate that SM-PNs can induce apoptosis and necrosis in U937 cells as it has been previously reported for free paclitaxel [51] , thus suggesting that using SM-PNs as a vehicle to deliver paclitaxel into cells is not affecting the death mechanism of the drug. However, more work is needed to elucidate the death mechanisms of SM-PNs. The solubility experiment has provided some mechanistic evidence that there is no significant dissolution of paclitaxel out of the ODS shell that may inhibit cell proliferation. Therefore, it is possible that SM-PNs should physically contact with the cells in order to affect them. To eliminate the possibility that the tiny amount of dissolved paclitaxel is causing a significant impact on the cell proliferation, we incubated the same number of U937 cells (1.8 × 10 6 ) with SM-PNs embedded inside a 200 nm AAO template. A small peace of the paclitaxel-loaded AAO template (90 μg) containing an equivalent to 3 μg of embedded paclitaxel was secured to one side of the culture well to avoid direct contact with the cells. The culture plate was gently swirled every 6 hours for even distribution of dissolved paclitaxel. After 24 hours the cell proliferation rate was only slightly affected with −3% difference when compared to the untreated sample and a 6% cell death compared to the natural cell death of 4.5% of the untreated U937 sample. The 48 h and 72 h had only subtle differences when compared with the untreated U937 sample. Judging from cell proliferation, it seems that the effect of SM-PNs increases as the diameter of the nanowires becomes smaller. The 18 nm SM-PNs present an unexpected result. After the first 24 hours, the 18 nm SM-PNs increased cell proliferation (58%). This was associated with 43% cell death. This may suggest an optimum size for cellular uptake of the nanowires. For nanoparticles, the optimum size is around 50 nm [52] . If we factor in the hydrodynamic radius of the 35 nm diameter SM-PN we would most likely approach a size close to 50 nm. This result may provide us with added insight into the mechanism through which the drug is being introduced into the cells. It seems that the nanowires not only have to be close or on the cell but they somehow have to penetrate the cell membrane via endocytosis. For SM-PNs with an 18 nm diameter, paclitaxel constitutes around 30% of the mass of the nanowire with the rest being ODS shell (70%). Most of the paclitaxel is adsorbed on the surface of the n-octadecyl layer. This adsorption can slow down the release of paclitaxel inside the cell due to partition. Nonetheless the percentage of dead cells in the first 24 hours was 43%, which suggests that the drug is being liberated inside the cells at a slower rate. 
Conclusion

